Thyroid and glucocorticoid hormones stimulate growth hormone synthesis in cultured rat pituitary cells (GC). We have compared changes in growth hormone production and mRNA in these cells. Triiodothyronine (10 nM) and dexamethasone (1 MtM) stimulated increases in growth hormone production by 2.5-and 3.8-fold, respectively. There were corresponding increases in the capacity of RNA from hormone-treated cells to direct synthesis of pregrowth hormone in a wheat germ cell-free translation system, suggesting hormone-regulated increases in growth hormone mRNA. Hormone-induced changes in mRNA were also demonstrated by determining the kinetics of hybridization of a cDNA probe prepared from RNA enriched (about 70%) for growth hormone translational activity with RNA from control and hormone-treated cells. These results suggest that thyroid and glucocorticoid hormones can regulate growth hormone production by influencing the levels of its mRNA. Thyroid and glucocorticoid hormones profoundly influence development, differentiation, and metabolism (1-3). Although little is known about the mechanism of thyroid hormone action, the discovery of nuclear receptors (4, 5) that are DNA-binding proteins (6) and Tata's report (7) of changes in total RNA synthesis in response to thyroid hormone have directed attention to chromatin as one possible site of hormonal control. Further, recent cell-free translational data have shown that hepatic a2u globulin mRNA is increased in thyroid hormone-treated animals (8, 9 ). This system is somewhat complicated because at least four hormones are required, the kinetics are slow, and the stimulations have been performed in animals in which primary hormone influences have not been differentiated from secondary influences. Nevertheless, these data may indicate that thyroid hormones regulate specific mRNAs. In a few cases, the idea that glucocorticoids influence specific mRNAs has been supported directly by experiments in which cell-free translation assays of mRNA, such as that for tryptophan oxygenase (10), were used, but cDNA-RNA hybridization assays have not yet been performed except in the case of viral RNA production (11, 12) .
globulin mRNA is increased in thyroid hormone-treated animals (8, 9) . This system is somewhat complicated because at least four hormones are required, the kinetics are slow, and the stimulations have been performed in animals in which primary hormone influences have not been differentiated from secondary influences. Nevertheless, these data may indicate that thyroid hormones regulate specific mRNAs. In a few cases, the idea that glucocorticoids influence specific mRNAs has been supported directly by experiments in which cell-free translation assays of mRNA, such as that for tryptophan oxygenase (10) , were used, but cDNA-RNA hybridization assays have not yet been performed except in the case of viral RNA production (11, 12) .
Thyroid and glucocorticoid hormones stimulate growth hormone production in cultured rat pituitary cells (refs. 13 (17) demonstrated cell-free synthesis of growth hormone using mRNA from these cells in a Krebs II ascites system. By using the wheat germ cell-free system, these workers synthesized "pregrowth hormone" that was precipitated by antibodies to growth hormone and was cleaved by trypsin into peptides that migrated on paper electrophoresis with those from growth hormone (18) . In the present studies, we have used a subline of these cells (GC cells) (17, 18) to simultaneously study hormonal regulation of growth hormone synthesis and mRNA.
MATERIALS AND METHODS
Cell Culture and Hormone Stimulation. GC cells (kindly provided by Dr. Carter Bancroft) were grown at 370 in monolayer culture in minimal essential-Joklik medium (Cell Culture Facility, University of California, San Francisco), supplemented with 15% horse serum, 2.5% fetal calf serum, and 0.4 mM CaC12 at 5% CO2. For hormonal stimulation, the medium was replaced by "hypothyroid" medium (minimal essential-Joklik medium containing 0.4 mM CaC12 and 10% serum from a thyroidectomized calf, obtained from Rockland Farms, Inc., Gilbertsville, PA). After 48-72 hr, the medium was replaced by fresh hypothyroid medium containing 10 nM triiodothyronine (T3) (Sigma), 1 ,uM dexamethasone (Sigma), or no hormone (control) . Standard incubations were 35 hr for T3 and 96 hr for dexamethasone. Ten hours before harvesting, the medium was replaced by fresh hypothyroid medium containing the hormones at the same concentrations. GH4 cells (13) (kindly provided by Dr. Armen Tashjian, Jr.) were grown as monolayers in Dulbecco's modified Eagle's medium (Cell Culture Facility, University of California, San Francisco) supplemented with 15% horse serum and 2.5% fetal calf serum.
Growth Hormone Assay. Growth hormone production was measured by determining [by radioimmunoassay (19) ] the amount of growth hormone excreted into the medium during the 10-hr period before the cells were harvested, except for the kinetic study, where the period was 2 hr.
RNA Preparation. Cells were harvested by trypsin treatment and washed in ice-cold 25 mM potassium phosphate/0.1 M NaCl at pH 7.4. After 10 min at 00 in 10 mM NaCl/10 mM Tris-HCI, pH 8.5/3 mM MgCI2 (5 ml/g of cells), cells were disrupted by 10 strokes in a tight-fitting Dounce homogenizer. Nuclei were pelleted (800 X g, 5 min) and the supernatant solution was made 0.5% in sodium dodecyl-sulfate (NaDodSO4), 1 mM in EDTA, and 100 mM in NaCl. RNA was extracted by the phenol/chloroform technique (20) and was precipitated by 2.5 volumes of ethanol. The RNA pellet (10,000 X g, 30 min) was solubilized in H20 containing 0.5% NaDodSO4/50 mM NaCl/1 mM EDTA, and incubated at 370 .for 30 min with 100 ,qg/ml of autodigested Pronase (Sigma). After the phenol/ chloroform extraction and ethanol precipitation were repeated, (22) .
Immunoprecipitation of Pregrowth Hormone. Pregrowth hormone made in the cell-free system was quantitated by immunoprecipitation using rhesus monkey antiserum to rat growth hormone. This was kindly provided by Dr. Tetsuo Hayashida, who has described the characteristics of this antiserum in detail elsewhere (23, 24) . Antigen-antibody complexes were collected by adsorption to formaldehyde-treated bacteria from the Cowan I strain of Staphylococcus aureus (SAC) prepared and stored as described by Kessler (25) . Nonidet P-40 (0.05%, Particle Data Lab) and methionine(1 mM, Sigma) were present during the procedures. Polysomes were removed from cell-free reaction mixtures (100,000 X g, 90 min) and the supernatant solutions containing the released polypeptide chains (about 25% of the total acid-precipitable radioactivity) were incubated for 5 min at room temperature with 30 ,l of the SAC suspension. After SAC removal by centrifugation (8000 X g, 30 s), one part of the supernatant received 20 Ml of antiserum to growth hormone diluted 1 Tris-HCl, pH 7/1 mM EDTA/0.02% NaDodSO4) was boiled for 2 min and reannealed at 680 for 5 min. At this time, 15% of the cDNA was in hybrid (S1 nuclease resistant). After addition of 50 ,l of buffer containing 0.3 M NaCl/0. 1 M sodium acetate, pH 4.5/0.01 M ZnCl2/Sl nuclease, the mixture was incubated for 1 hr at 420. Reactions were terminated by adding EDTA to 2 mM. The RNA was hydrolyzed with 0.6 M NaOH and the cDNA was isolated as described above.
Hybridization reactions were carried out as described elsewhere (30) . The zero time control values were subtracted from each value, and the results are expressed as percent of control without SI nuclease. Rot values were calculated by assuming a Rot of 12 mol-s/liter for 1 mg/ml of RNA incubated for 1 hr and were corrected to standard conditions (31) .
RESULTS
Induction of Growth Hormone Production in GC Cells. GC cells respond to physiological concentrations of thyroid hormones (Papavasiliou et al., unpublished data); maximal responses were observed at 5-10 nM T3. Fig. 1 shows that stimulation by T3 is maximal by 30 hr and that GC cells also respond to the glucocorticoid dexamethasone at a concentration (1 uM) that is maximally effective in most systems (3) (maximal effect after 60 hr). In both cases, growth hormone production increases within a few hours. Growth hormone production can be directly related to synthesis of the peptide since storage of growth hormone by the cells and degradation of the hormone in the cells or medium are negligible (33) (20 cm2). Media were replaced 2 hr before the time points. At the times indicated, samples were taken and frozen at -60°. Growth hormone was not affected by the freezing step. It was measured within 10 days and normalized for the amount of protein (32) RNA-Directed Cell-Free Synthesis. Under our conditions, upon addition of cytoplasmic RNA from GC cells, the wheat germ system shows a maximal 25-fold stimulation of amino-acid incorporation into protein that is linear for at least 1 hr. The incorporation is also linear with respect to the RNA added (from hormone-treated or control cells) up to 0.2 mg of RNA per ml.
Immunoprecipitation of Growth Hormone and Pregrowth Hormone. Specificity of the antibody used is illustrated using GH4 rather than GC cells because the former produce both prolactin and growth hormone. Radioactively labeled proteins released by GH4 cells into the medium were immunoprecipitated with different antibodies. The immunoprecipitates were analyzed by electrophoresis on NaDodSO4/polyacrylamide gels (Fig. 2) . The growth hormone antibody precipitate contains only one identifiable protein that comigrates with iodinated rat growth hormone. Antiserum to prolactin only precipitated prolactin and antiserum to bovine serum albumin failed to precipitate either growth hormone or prolactin. As expected, medium from GC cells also showed only one protein band that was precipitated by antiserum to growth hormone.
When products synthesized in the cell-free system in response to GC cell RNA were incubated with antiserum to growth hormone, only one protein was precipitated (Fig. 2) ; no detectable precipitation occurred in control experiments using antiserum to bovine serum albumin. The electrophoretic mobility of the material precipitated by antiserum to growth hormone was that expected for the "pregrowth hormone" (molecular weight 24,000) described by Sussman et al. (18) , using bacteriophage T4 proteins as molecular weight markers (34) .
Quantitative Immunoprecipitation of Pregrowth Hormone Synthesized In Vitro. With constant amounts of growth hormone antibody, the radioactivity immunoprecipitated is related linearly to the added amount of product synthesized in a cell-free system. Linearity with respect to the amount of cell-free products synthesized in response to GC cell RNA was also obtained when these products were mixed in different (2) precipitate with antiserum to prolactin; (3) no treatment; (4) precipitate with antisera to prolactin and growth hormone; (5) supernatant medium after precipitation with antiserum to growth hormone; and (6) precipitate with antiserum to growth hormone. (7) (8) (9) The released chains obtained after translation of RNA from GC cells: (7) precipitate with antiserum to bovine serum; (8) no treatment; or (9) precipitate with antiserum to growth hormone. GH, growth hormone; pGH, pregrowth hormone; PL, prolactin.
proportions with those synthesized in response to dog pancreas RNA under conditions in which the total amount of radioactivity prior to precipitation was made constant. In the same range in which the total protein synthesis is linear, immunoprecipitable pregrowth hormone was also linearly related to the amount of RNA added to the cell-free system. These data indicate that cell-free translation coupled with SAC immunoprecipitation can be used to measure the relative translational activity of growth hormone mRNA.
Hormonal Effect of Growth Hormone mRNA Activity as Measured by Cell-Free Translation. The cell-free translation products from cytoplasmic RNA from control and hormonetreated cells were analyzed by immunoprecipitation. There was a good correlation between the hormonal influence on growth hormone production* and the capacity of the RNA to direct cell-free synthesis of pregrowth hormone (Table 1) . Thus, the activity of growth hormone mRNA is stimulated by both classes of hormones.
As seen in Fig. 3 , NaDodSO4/polyacrylamide gel electrophoresis of the cell-free products indicates that in addition to pregrowth hormone, RNA from hormone-treated cells directs an increase in the synthesis of at least three other high-molecular-weight polypeptides (migrations approximately 1.8, 2.2, and 3.2 cm ; Fig. 3) ; however, synthesis of the majority of the detectable polypeptides is not noticeably affected.
Hormonal Effect on Levels of Polyadenylylated RNA Measured by Hybridization. The cDNA probe prepared from RNA enriched in growth hormone translational activity was hybridized to an excess of cytoplasmic RNA isolated from hormone-treated and untreated cells: it reacts faster with RNA from treated cells than with RNA from untreated cells (Fig. 4) . From profiles such as those shown in Fig. 4 , the Rot1/2 values obtained (50% hybridization) were used to calculate the fold increase of the induced RNA species. The changes (Table 1) are similar to those of cellular and cell-free growth hormone synthesis. * The lots of serum from thyroidectomized calf used in our studies contained variable amounts of thyroid hormones. Thus, the stimulations observed may represent only an increase over that already elicited by the endogenous thyroid hormones. 
DISCUSSION
In the present studies, cell-free translation in wheat germ extract, coupled with an immunoprecipitation technique using staphylococci (SAC) was used to measure the translational activity of growth hormone mRNA. The SAC procedure that we used in these studies appears to be a simple method, generally applicable to quantify immunoprecipitable products made in cell-free systems. Using this assay, we found that growth hormone mRNA activity in GC cells was stimulated by thyroid and glucocorticoid hormones. The stimulations were paralleled by similar increases in growth hormone production.
From our results, some estimation of the complexity of the hormonal effects on mRNA can also be made. When the cellfree products of the RNA from treated and untreated cells were analyzed by NaDodSO4/polyacrylamide gel electrophoresis, the general patterns were similar; only a few polypeptides were noticeably affected. These data suggest that the hormonal in- fluences are directed at a subset of the expressed genes in this system. There may, of course, be hormonal effects that are not detected by the method used, e.g., in cases where mRNA levels and consequently the proteins coded by these RNAs are too low to be detected.
To further study hormonal effects on RNA, we used hybridization techniques. Two types of cDNA were synthesized. The first cDNA was complementary to nonfractionated polyadenylylated RNA from dexamethasone-treated cells. Over the range of Rot examined, this probe hybridized with the same kinetics to cytoplasmic RNA from hormone-treated or control cells. Thus, the hormones do not increase all polyadenylated RNA species; any influences must be on a subset of them. By contrast, the second cDNA, complementary to polyadenylylated RNA enriched (about 70%) for growth hormone translational activity, showed a striking difference in its kinetics of hybridization with RNA from hormone-treated or control cells. These data demonstrate that thyroid and glucocorticoid hormones increase the copy number of certain polyadenylylated RNA (presumably mRNA) species.
The hybridization data presented do not demonstrate that growth hormone mRNA sequences are induced by the hormones. However, this may be the case since the probe was prepared from RNA fractions in which 70% of the translational activity was for pregrowth hormone and the increase in copy reflected by the probe (calculated by the change in Rot1/2) is similar to the change in growth hormone translational activity. Further, the fact that the hybridization is complete over 2 logarithm units of Rot (Fig. 4) suggests that this second probe was either nearly homogeneous for growth hormone or that some other polyadenylylated RNA species also induced by both classes of hormones were present in concentrations similar to that of growth hormone mRNA.
Because thyroid hormone receptors and glucocorticoidreceptor complexes are found in the chromatin (3, 35, 36) , it is possible that the changes in mRNA levels are due to hormonal regulation of transcription, as appears to be the case with sex steroids (37, 38) . However, it is not known, particularly for thyroid hormones, whether control of mRNA is generally responsible for other actions of the hormones. Nevertheless, the current studies support the idea that one way thyroid and glucocorticoid hormones act is by controlling the levels of specific mRNAs; they also indicate that growth hormone production can be controlled by modulation of growth-hormone-specific mRNA.
